ABSTRACT Extremes in temperature represent environmental stressors that impact the well-being and economic value of poultry. As homeotherms, young poultry with immature thermoregulatory systems are especially susceptible to thermal extremes. Genetic variation and differences in gene expression resulting from selection for production traits, likely contribute to thermal stress response. This study was designed to investigate in vivo transcriptional changes in the breast muscle of young turkey poults from an unselected randombred line and one selected for 16 wk body weight under hot and cold thermal challenge. Newly hatched turkey poults were brooded for 3 d at one of 3 temperatures: control (35
INTRODUCTION
Climate change has resulted in a concomitant rise in both mean temperature and in the frequency of extreme temperature days (Karl et al., 1993; Schmidhuber and Tubiello, 2007) . Extremes in temperature, both hot and cold, represent worldwide environmental stressors that affect livestock well-being and have significant economic impacts. Thermal stress in livestock occurs when ambient temperatures sufficiently deviate such that the animal is negatively affected. All livestock can be negatively affected by thermal stress, but poultry, particularly young birds, are especially susceptible. In the broiler and layer industries, estimated losses to thermal stress are $51.9 million and $61.4 million, respectively (St-Pierre et al., 2003) . In the smaller turkey industry, annual economic losses from heat stress were estimated at $14.4 million (St-Pierre et al., 2003) . Loses due to cold stress are typically not estimated; however, C 2018 Poultry Science Association Inc. Received March 29, 2018 . Accepted August 8, 2018 Corresponding author: reedx054@umn.edu for the producer increased heating costs and indirect costs of cold-related susceptibility to disease are a reality (Tsiouris et al., 2015) .
Heat stress in poultry can reduce feed intake, overall growth, reproduction, and increase mortality, resulting in economic loss and reduced bird welfare (Renwick et al., 1985; Ain Baziz et al., 1996; Lu et al., 2007) . Reduced growth is partially due to reduced feed consumption. For example, studies in chickens have found heat-stressed birds are smaller than pair-fed controls raised at normal temperatures (Ain Baziz et al., 1996) . Chronic heat stress alters meat quality by reducing plasma-free amino acids and may cause endocrinological changes that stimulate lipid accumulation and fat deposition Lu et al., 2007) . Heatrelated immunosuppression has the potential to increase pathogen carriage and impact food safety (Lara and Rostagno, 2013) . Heat stress during the end of the growth period or shortly before slaughter also appears to increase the incidence of pale, soft, and exudative meat in turkeys (Petracci et al., 2009) .
Many processes in the body generate heat including digestion, metabolism, and movement. Under hyperthermic conditions, poultry alter their physiology 74 and behavior to aid thermoregulation. For example, when heat challenged, chickens spend less time actively feeding and walking and more time resting and with their wings elevated (Mack et al., 2013) . Unlike mammals, poultry lack sweat glands and therefore rely on panting and altered blood flow to cool themselves (Richards, 2016) . Vasodilation reduces blood flow to heat-generating organs such as the duodenum, jejunum, pancreas, and breast muscle and increases blood flow to some areas of skin, particularly areas with less feather coverage (Wolfenson et al., 1981) .
Like heat, cold stress can also lead to reduced growth and increased mortality in poultry (Renwick et al., 1985) . Homeotherms respond to reduced ambient temperature by activating catabolic metabolism to generate energy for heat generation. Skeletal muscle is a major thermogenic organ for non-shivering responses to low temperature. Thermoregulatory dysfunction in poults may result from reduced function of thermogenic proteins and/or transport and oxidation of mitochondrial substrate (Mujahid and Furuse, 2008) . Cold-acclimated ducklings show a reduction in circulating triglycerides and increase in circulating non-esterified fatty acids, suggesting increased uptake of triglycerides through lipoprotein lipase and lipolysis as a mechanism for acclimation to cold (Rey et al., 2010) . Very young birds are poor homeotherms and are particularly susceptible to thermal stress as they cannot maintain their body temperature when under even relatively mild cold stress. Extreme cold in mature birds before slaughter can affect breast muscle energy reserves and meat quality (Dadgar et al., 2010) . Interestingly, mild cold treatment during early development can lead to later resistance to cold stress as chicks exposed to cold treatment days 3 and 4 post-hatch show improved resistance later to 24 h cold stress as indicated by reduced stress hormones and body temperature relative to non-conditioned controls (Shinder et al., 2002) .
Underlying genetic and gene expression differences likely contribute to variation in thermal stress response (Wolfenson et al., 1981; Richards, 2016) . Modern poultry types have higher metabolic activity and thus produce more body heat compared to slower growing lines of several decades ago (Deeb and Cahaner, 2002) . Fastgrowing chicken lines are more susceptible to heat stress relative to slow-growing lines (Lu et al., 2007) . Selection for large and fast-growing birds has primarily resulted in large muscle fibers without a commensurate increase in vascularization. This may make cooling, removal of metabolic end products, and tissue regeneration more difficult for those birds (Velleman et al., 2003; Velleman, 2015) . An efficient circulatory network is particularly important for the breast muscle (pectoralis major: p. major) as an anaerobic muscle.
Stress is often defined, in biological terms, as the activation of the hypothalamic-pituitary-adrenal axis and the release of stress hormones such as cortisol or corticosterone. Elevated plasma corticosterone in male turkeys was demonstrated with exposure to both hot (32
• C) and cold (4 • C) temperatures (El-Halawani et al., 1973) . Here, a more general definition of stress, referred to as thermal stress is used, with the understanding that hypothalamic-pituitary-adrenal axis activation was not surveyed. This study is part of a series of interconnected studies investigating the effects of thermal stress (in vivo and in vitro) on muscle growth and development in turkeys and was designed to investigate the in vivo transcriptional changes in the breast muscle of turkey hatchlings under thermal challenge.
MATERIALS AND METHODS

Birds and Sample Collection
Two lines of turkey were used in this study. The randombred control 2 (RBC2) is a comparatively slower growing line, propagated without conscious selection for any trait and is representative of commercial lines in the late 1960s (Nestor, 1977) . The second line (F-line) is faster growing and derived from the RBC2 via singletrait selection for body weight at 16 wk of age (Nestor, 1984) .
Poults were hatched at The Ohio State University, Poultry Research Center located at the Ohio Agricultural Research and Development Center (Wooster, OH) and immediately transported by automobile to Michigan State University, a trip of approximately 4 h. Male hatchlings were randomly assigned (n = 4 F-line and n = 6 RBC2) to temperature treatment groups and brooded at one of 3 temperatures: the control temperature (35
• C), the cold temperature (31 • C), or the hot temperature (39 • C). After 3 d of thermal challenge, the birds were euthanized via cervical dislocation and the p. major was removed, snap frozen in liquid nitrogen, and stored at -80
• C until RNA isolation. All animal care procedures were approved by Institutional Animal Care and Use Committee of Michigan State University (#01/14-017-00).
RNA Isolation, Library Preparation, and Sequencing
Total RNA was isolated from each sample by extraction with TRIzol (Ambion, Inc., Foster City, CA). Samples were DNase treated (Turbo DNA-free TM Kit, Ambion, Inc., Foster City, CA) and stored at -80
• C. RNA integrity was confirmed on the 2100 Bioanalyzer (Aligent Technologies, Santa Clara, CA). RNA Integrity Number ranged from 7.6 to 9.6. Multiple samples (4 to 6) were sequenced from each treatment group. Indexed libraries (n = 30) were constructed with the TruSeq RNA Sample Preparation Kit version 2 (Illumina, Inc., San Diego, CA) at the University of Minnesota Genomics Center. Libraries were multiplexed, pooled, and sequenced on the HiSeq 2500 (Illumina, Inc., San Diego, CA) to produce 125-bp pairedend reads. Data are deposited in the NCBI's Gene Expression Omnibus repository as SRA BioProject PR-JNA419215.
Data Analysis
Sequencing adapters were removed and low-quality bases were trimmed using Trimmomatic (Bolger et al., 2014) using the "-q" option and 3' end trimming requiring a minimum Q30. Raw sequence data was quality checked FastQC (Andrews, 2010) . Mapping of the trimmed reads was performed via Bowtie (v2.2.4.0) using the turkey genome (UMD 5.0, NCBI Annotation 101). For descriptive analysis, read counts were by-total normalized using the average library size (18,788,823 reads) in CLC Genomics Workbench (v. 8.0.2, CLC Bio, Aarhus, Denmark). Euclidean sample distances were used to perform hierarchical clustering in CLC Genomics Workbench based on single linkage. Venn diagrams of expressed genes compared between treatments were generated using the online tools Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) and BioVenn (http://www.biovenn.nl/index.php).
Expression Analysis
Differential gene expression analysis was performed on the raw reads for each comparison in CLC Genomics Workbench using the TMM statistical model in the edgeR package. This generates fold changes and False Discovery Rate (FDR) adjusted P-values for each gene comparison. The resulting gene lists were filtered for significance (FDR corrected P < 0.05) and fold change (≥2.0). Significant differentially expressed genes (DEGs) were used to investigate gene pathways using Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com/, Ingenuity Systems, Redwood City, CA) and the PAN-THER Overrepresentation Test (Gene Ontology [GO] Consortium release 20,150,430, Thomas et al., 2003;  http://geneontology.org/) was used to test for gene enrichment. GO analysis utilized the reference gene set of the chicken (Gallus gallus). Comparing the turkey reference gene list (21,009) to that of the chicken found direct matches for 9,965 gene IDs. To improve ID mapping in IPA, where possible, the nearest human/mouse ortholog was used as a gene ID for turkey genes annotated as "LOC" numbers.
RESULTS
RNA Sequencing
Thirty libraries were paired-end sequenced and the resulting reads mapped to the turkey genome (UMD 5.0, annotation 101). Reads from 2 libraries (39R1 and 39R2) displayed aberrant clustering and biased read mapping that was confirmed by quantitative real-time PCR (Barnes, 2018) . Data from these 2 libraries were subsequently removed from further analyses. The remaining 28 paired-end libraries averaged 18,788,823 reads/library (Table 1) . The Q scores were consistent across libraries as were read mapping percentages (Table 1) . The principal component analysis (PCA) plot (Figure 1 ) and the hierarchical clustering dendrogram ( Figure S1 ) showed no clear grouping of samples by treatment or genetic line. However, less spatial variation was seen in the PCA plot for the F-line samples compared to the RBC2.
Gene Expression
On average, 17,803 genes were detected per sample. To eliminate spurious detection, genes were defined as being expressed when the average number of mapped reads (by-total normalized) for that gene in a treatment group exceeded 4.0. Under this criterion, the average number of expressed genes per treatment group was 16,572 ( Table 1) . As expected, genes related to muscle structure and function (actin, myosin, and troponin) were among the highest expressed (Table S1) .
A total of 15,847 expressed genes was shared among all treatments (Table S1 ). Of these, the largest proportion of co-expressed genes had gene products defined by location as cytoplasmic or nuclear (Figure 2 ). Approximately 20% of the genes were classified as enzymes with 47% functionally classified as "other." Included in the latter category were some of the highest expressed muscle-specific genes; ACTA1, (actin, alpha 1, skeletal muscle), MYL1 (myosin light chain 1), TNNT3 (troponin T3, fast skeletal type), and TNNC2 (troponin C2, fast skeletal type; Table S1 ). Within each line, at least 94% of the expressed genes were shared among the temperature treatments (Table 2) and each treatment had 1% or less of the expressed genes unique to that group ( Figure S2 ). When gene expression was compared between lines at each temperature, 96% of the expressed genes were shared with 2% being unique to that treatment group (Table 2; Figure S3 ).
Temperature Effects
Temperature effects were examined in 4 pairwise within-line comparisons: CS = cold-brooded versus control-brooded (31
• C vs. 35
• C) slower growing poults (RBC2), HS = heat-versus control-brooded (39
• C) slower growing poults (RBC2); CF = cold-versus control-brooded (31
• C) fast-growing poults (F-line); and HF = heat-versus control-brooded (39
• C) fast-growing poults (F-line). Within-line comparisons identified up to 81 significant DEGs (FDR adjusted P-value < 0.05, Table 2 ) with a maximum of 76 (HF comparison) having |Log 2 FC| > 1.0 in any 1 pairwise comparison (Table S2 ). A total of 52 genes had |Log 2 FC| > 2.0 in at least one of the 4 tempera- is broadly expressed in humans with highest expression in lung and reproductive tissues (Fagerberg et al., 2014) . In general, PLIN1 and ACACB are both related to lipid metabolism. In humans, PLIN1 plays a role in lipid storage by coating lipid droplets, thereby protecting them from hormone-sensitive lipases. PLIN1 is also a substrate for protein kinase A; upon phosphorylation. In chickens, mutations in PLIN1 correlated to changes in carcass traits and adiposity (Ordovás and Smith, 2010; Zhang et al., 2015) .
Both PLIN1 and ACACB had statistically significant functional connections in the Small Molecule Biochemistry category of IPA. These connections were almost exclusively related to lipid metabolism but also included 3 glucose metabolism functions. PLIN1 also occurs within the IPA Adipogenesis canonical pathway. This pathway includes genes that regulate the formation of adipocytes from pluripotent mesenchymal stem cells. Mesenchymal stem cells are thought to be multipotent cells that can differentiate into osteoblasts, chondrocytes, and myocytes (Pittenger et al., 1999) . ACACB is noted to be associated with fatty acid synthesis. In IPA, ACACB is linked with 2 canonical pathways: Biotin-carboxyl Carrier Protein Assembly and AMP Activated Protein Kinase (AMPK) Signaling pathways ( Figure S4 ). The former is a biosynthetic pathway in which ACACB (and/or a related gene ACACA) catalyzes the conversion of acetyl CoA to malonyl CoA and is the key regulatory step of fatty acid synthesis ( Figure S4 ). The AMPK pathway is a master metabolic control pathway that controls both energy production and lipid metabolism. Downregulation of ACACB suggests increases in quantity of ketone body, oxidation of fat, and oxidation of glucose. Together, decreases in PLIN1 and ACACB alter the synthesis and storage of lipid. Both have pathway connections to "lipolysis of adipocytes", but acting in opposite directions. Overall, these changes suggest increased lipid breakdown and reduced synthesis and storage of lipid.
CS: cold-brooded versus control-brooded (31 • C vs. 35 • C) slower growing (RBC2) poults
The CS comparison had only one significant DEG (LOC104911020 [serum amyloid A protein (SAA1)- like]) that was downregulated (Log 2 FC = -6.55, Table 3 ; Figure 3 ). This gene is involved in lipid metabolism, response to inflammation, and even host defense. As a component of the high-density lipoprotein (HDL), SAA1 plays a role in cholesterol homeostasis (Sun and Ye, 2016) . It is included in IPA associations to inflammation, with possible roles in decreased infiltration by macrophages, reduced migration of neutrophils, reduced activation of T lymphocytes, and increased adhesion of blood platelets ( Figure S5 ). Based on IPA, downregulation of this gene is predicted to result in reduction of phospholipid and cholesterol. In mammals, SAA1 is found in high levels in serum during both acute and chronic inflammation. It is associated in IPA with the Acute Phase canonical pathway, which is triggered by events that include infection and injury (Sun and Ye, 2016) .
HF: heat-versus control-brooded (39
• C vs.
35
• C) fast-growing (F-line) poults
The HF comparison had 47 DEGs (Table 3 ) that could be divided into 4 major functional categories (ubiquitination, gene expression-related, ATP metabolism, and non-coding (ncRNAs)). Most of these genes (42) were upregulated by the heat treatment. Five DEGs (CILP2, FAM180A, FMOD, and 2 ncRNAs [LOC104910372 and LOC104910702]) were downregulated. Fourteen of the DEGs were shared with the CF comparison (Figure 3) .
Five ubiquitination-related genes were highly upregulated in this comparison (Log 2 FC > 6.0 and up to 10.0, FC = 9.80). The human orthologs of these loci are NEDD4, UBE2R2, UBAP2, UBAP2L, and KCMF1, respectively. In the IPA Ingenuity Knowledge Base, NEDD4 and UBE2R2 are part of the generalized Ubiquitination Canonical Pathway involved in the degradation of short-lived proteins associated with a variety of cell processes including cell cycle, apoptosis, transcription regulation, and cell surface reception. More specifically, NEDD4 belongs to the E3 ligase group and UBE2R2 to the E2 ligase group. In humans, UBE2R2, when phosphorylated by the kinase CK2, enhances beta-catenin degradation. In addition to being an E3 ligase, NEDD4 (turkey LOC104914735, Log 2 FC = 6.87), is associated with the IGF-1 Signaling canonical pathway, along with RASA1 (LOC104915780, Log 2 FC = 8.03) ( Table 3) . Both upregulated genes would enact inhibition on an incoming signal from IGF-1. NEDD4 inhibits the IFG-1 receptor and inhibits its transcription while RASA1 inhibits the signal several steps downstream from the IGF-1 receptor. This signaling cascade promotes cellular proliferation and growth (Schiaffino et al., 2013) . KCMF1 is a ubiquitin E3 ligase (Jang, 2004) that binds to RAD6 and UBR4 and other intracellular vesicle-and mitochondria-associated proteins (Hong et al., 2015) . KCMF1 and RAD6 appear to colocalize in late endosomes and lysosomes, suggesting an important role for these proteins in lysosome-mediated degradation and autophagy. The functions of UBAP2 is less well understood. This protein contains a UBAdomain characteristic of proteins that function in the ubiquitination pathway (Hofmann and Bucher, 1996 (Table 3) . The MBD2 protein (Log 2 FC = 6.53) binds to methylated DNA to repress gene expression at methylated promoters (Barr et al., 2007; Menafra et al., 2014) . However, it is reported to have de-methylation activity that could activate a previously methylated gene (Fujita et al., 2003) (TGF-beta), thereby regulating other processes such as proliferation, apoptosis, and differentiation. In muscle, SMAD2 is a negative regulator of growth (Menafra et al., 2014) . The RASA1 protein is a negative regulator of the Ras system (King et al., 2013) and functions to stimulate GTPase activity of RAS p21, thereby modulating the expression of other genes.
The turkey genome annotation (101) included up to 8 Nipped-B-like loci. All but 2 are adjacent on the Z chromosome with the 2 exceptions assigned to ChrUN (unknown chromosome). Four of the 8 loci (LOC100544159 (Log 2 FC = 7.54), LOC104914843 (Log 2 FC = 6.14), LOC104914844 (Log 2 FC = 6.34), and LOC104916829 (Log 2 FC = 8.34)) were significantly upregulated, whereas the remaining 3 had FDR P > 0.05 (Table S2 ). The chromosome binding protein NIPBL is associated with developmental regulation, sister chromatid cohesion, chromosome condensation, and DNA repair. The annotation of this gene has been significantly improved in genome annotation 102.
Two loci annotated as chromodomain-helicase-DNA-binding protein 1-like (LOC100539580 and LOC104915190, Table 3 ) were upregulated (Log 2 FC = 6.85 and 7.13, respectively) in the HF comparison. As a member of the CHD family, CHD1 is characterized by chromo-and SNF2-related helicase/ATPase domains that alter gene expression (Figure 4) (Stokes and Perry, 1995) . The gene shares several key sequence motifs with the human CHD1L, suggesting that it also plays a role in DNA torsion and chromatin formation (Flaus et al., 2006) . Finally, 13 DEGs in the HF comparison are annotated as uncharacterized ncRNAs. Of these, 11 were upregulated and only 2 downregulated (Table 3) . These DEGs correspond to predicted RNA molecules not translated into proteins, and that are not yet validated for function. Three of these were shared with the CF comparison.
CF: cold-brooded versus control-brooded (31 • C vs. 35 • C) fast-growing (F-line) poults
The CF comparison had 16 DEGs with FDR Pvalue < 0.05 and |Log 2 FC| > 2.0 (Figure 3 ; Table 3 ). Similar to the HF comparison, most of these (12) were upregulated. Only 2 DEGs were unique to CF comparison with 14 shared with the HF comparison (Table 3) . Interestingly, the direction and magnitude of the expression changes of these 14 shared genes were similar in the CF and HF comparisons. The 2 unique DEGs, CHAC1 and COL10A1, do not belong to the broad functional categories of the DEGs in the HF comparison but are associated with growth and proliferation. The first, CHAC1 [ChaC glutathione- specific gamma-glutamylcyclotransferase 1] (Log 2 FC = -3.15), catalyzes one of the steps in the y-glutamyl cycle. This cycle functions in cellular growth and proliferation as well as cell to cell signaling. In humans, CHAC1 has been shown to promote neuronal differentiation by deglycination of the Notch receptor to inhibit Notch signaling and promote proliferation (Chi et al., 2014) . The second gene, COL10A1 [collagen, type X, alpha 1], is an early marker of chondrogenesis and was also downregulated in the heat-treated poults (Log 2 FC = -2.62, Table 3 ). In humans, COL10A1 encodes a secreted short-chain collagen (the alpha chain of type X collagen) and is expressed by hypertrophic chondrocytes (Reichenberger et al., 1991; Mackie et al., 2008) . The 14 shared genes belonged to the same major categories found in the HF comparison (ubiquitination, genes that modulate the expression of other genes, ATP synthesis, and ncRNAs) ( Table 4) . Of the 5 ubiquitination-associated genes discussed in the HF comparison above, 2 were also significant in the CF comparison. The first, LOC100548372 [ubiquitin-conjugating enzyme E2 R2-like (UBE2R2)] was highly upregulated in the CF and HF comparisons (Log 2 FC = 9.31 and 10.14, respectively). Similarly, KCMF1 [potassium channel modulatory factor 1] was highly upregulated in the CF and HF comparisons with Log 2 FC = 8.67 and 9.80, respectively (Table 3) . Two genes predicted to impact gene expression (LOC104915749 [heterogeneous nuclear ribonucleoprotein K-like, HNRNPK] and LOC10055084 [spindlin-W, SPIN1-like]) were also significantly upregulated in the CF comparison (Table 3 ). The human ortholog of HNRNPK influences pre-mRNA processing and is mostly found in the nucleus of the cell (Bomsztyk et al., 2004) . Based on IPA, upregulation of HNRNPK is predicted to activate RNA transcription via "activation of DNA endogenous promoter". The nucleolar protein SPIN1 functions as a chromatin reader and stimulates expression of rRNA genes .
Two DEGs (LOC100545914 and LOC104915436) are annotated as ATP synthase subunit alpha, mitochondrial-like (ATP5A1). These ATP metabolismassociated loci were highly upregulated in both the CF and HF comparisons (Table 3 ). In humans, ATP5A1 is a subunit of the ATP synthase complex. This mitochondrial protein complex utilizes the proton gradient from the electron transport chain to synthesize ATP. Interestingly, the other ATP synthase genes were not significantly differentially expressed in these comparisons.
Line Effects
To better understand the interaction between brooding temperature and line effects, comparisons between the lines at each brooding temperature were made treating the RBC2 line as the control group for contrast to the comparatively faster-growing F-line. In the between-line comparisons, the number of shared expressed genes ranged from 16,215 to 16,300 (Table 2) . Within-temperature comparisons identified up to 761 significant DEGs (F-line vs. RBC2 at 31
• C) with a maximum of 338 having |Log 2 FC| > 1.0 and 78 with |Log 2 FC| > 2.0 in any 1 pairwise comparison. A total of 148 combined genes showed significant differential expression (|Log 2 FC| > 2.0) between the lines within temperature ( Figure 5 ). Of these, 133 were unique to individual temperature comparisons. At the control temperature (35 • C), 119 genes reached statistical significance, with 29 having |Log 2 FC| > 2.0 (Table 2) . The heat-treatment comparison (39 • C) had 94 DEGs (57 with |Log 2 FC| > 2.0). Shared DEGs One gene REC8 (meiotic recombination protein REC8) was significantly upregulated in the F-line relative to RBC2 in all 3 within-temperature comparisons (Table 4) . This difference was greatest in the heat-treatment comparison (Log 2 FC = 6.88) than the cold-or control-temperature comparisons (Log 2 FC = 2.25 and 2.96, respectively). The human ortholog of REC8 is a key member of meiotic cohesion complex that regulates recombination. This gene is required during meiosis for separation of sister chromatids and homologous chromosomes (Brar et al., 2009 (Chaves et al., 2009) and additional unannotated BG genes have been described (Reed et al., 2016) . Thus, the differential response of these genes may be an artifact of the current annotation in distinguishing multiple loci.
Three genes were shared between the heat (39 • C) and control treatments (LOC100548376 [valosincontaining protein (VCP)] and 2 uncharacterized loci [LOC104909502 and LOC104910825] ). In most cases, the direction and magnitude of the expression changes were similar in the comparisons. The 1 exception being LOC100548376 which had lower expression in the F-line at 35
• C, but much higher expression at 39
Valosin-containing protein, also known as transitional endoplasmic reticulum ATPase (TERA), has several defined functions in protein degradation, intracellular membrane fusion, DNA repair and replication, regulation of the cell cycle, and activation of the NF-kappa B pathway (Meerang et al., 2011; Xu et al., 2011) . Finally, 2 genes were shared between the cold and heattreatment comparisons (LRIT1 [leucine-rich repeat, immunoglobulin-like and transmembrane domains 1] and an uncharacterized locus [LOC104912286]). The directional response of these 2 loci to the thermal treatments (31 • C and 39
• C) was nearly identical in direction (upregulated in F-line) and magnitude.
Unique DEGs Overall, the between-line comparisons identified DEGs belonging to a diverse set of functions and categories including, ubiquitination, neuronal/nerve-related genes, membrane-associated, transcriptional control, structural, metabolic processes and ncRNAs. At the control temperature (35
• C), DEGs were largely comprised of ncRNAs but also included membrane, contractile, and lipid metabolism-associated proteins (Table S2 ). The control-temperature (35
• C) comparison represents the basal differences between the genetic lines independent of temperature treatment. This comparison found 29 DEGs with |Log 2 FC| > 2.0; 10 upregulated and 19 downregulated (Table S2; Figure 5 ). Among the most differentially expressed loci were LOC104911020 (SAA1), LOC104916674 (ODF3B), LOC104917305 (MOG), LOC100550693 (GLRA3), TRHR, and 2 ncRNAs (LOC104910807 and LOC104910825). The functions of SAA1 and ODF3B were discussed in the Temperature Effects section above. The remaining genes (MOG, ODF3B, GLRA3, and TRHR) are all membrane-associated proteins with GLRA3 and TRHR being receptor proteins.
At 39
• C DEGs were associated primarily with ubiquitination, transcriptional regulation, metabolism (lipid, ATP, and alcohol), and membrane associated or channel proteins. The between-line comparison for heattreated birds had 57 DEGs with |Log 2 FC| > 2.0 ( Figure 5 ). Unique at 39
• C was a greater number of genes upregulated (50) vs. downregulated (7) in the Fline (Table S2 ). This comparison included 51 unique DEGs, and highlights the differential response to the elevated brooding temperature that could be attributable to growth selection of the F-line. Included in the 51 unique DEGs were genes belonging to several already discussed categories such as ubiquitination (UBE2R2, UBAP2, UBAP2L, NEDD4, and KCMF1), gene expression modulators (SPIN1, HNRNPK, RASA1, NIPBL, CHD1, MBD2, and SMAD2), metabolism (ATP5A1, ATP synthase F1 subunit alpha), and ncRNAs (11 loci). Except for several of the ncRNAs, these genes were among the most upregulated DEGs in this study.
The between-line comparison for cold-treated birds had 78 DEGs with |Log 2 FC| > 2.0 ( Figure 5 ). Like the control temperature comparison, more genes were downregulated (53) than upregulated (25) in the fast-growing F-line (Table S2 ). These genes are classified primarily as transcriptional regulators, genes related to inflammation and immunity, lipid metabolism, structural and contraction proteins, and as axon/neuronal proteins. (Bernardo et al., 2011) , CILP2 expression is found in mammalian muscle and heart. The kinase PDK4 is a member of the PDK/BCKDK protein kinase family and contributes to the regulation of glucose metabolism (Sugden and Holness, 2003) . Mitochondrial uncoupling proteins (UCPs) are of interest as they function to separate oxidative phosphorylation from ATP synthesis with energy dissipated as heat (Brand et al., 2004) . In humans, UCP3 is primarily expressed in skeletal muscle (Vidal-Puig et al., 1997) and is thought to protect mitochondria against lipid-induced oxidative stress and to participate in thermogenesis.
Examination of the 78 cold-temperature DEGs in IPA predicted directional change for several small molecule biochemistry functions (Figure 6 ). Nine genes including ACACB, ACACB4, ADRB2, GALR3, MTTP, NUAK2, PDK4, RUNX1, and UCP3 were associated with these functions and all except for RUNX1, were downregulated in the F-line. Together many of these genes are predicted to increase the level of steroids, the concentration of cholesterol and triacylglycerol, and oxidation of long chain fatty acids, and to reduce lipid, fatty acid, and D-glucose concentrations (Figure 6 ).
Given the greater number of differential gene expressions identified in the comparison of skeletal muscle genes in F-line and RBC2 birds brooded at 31
• C (761 , Table 2 ), a PANTHER overrepresentation test based on GO annotation was performed to further characterize the differential response of these 2 genetic lines. The 761 DEGs (FDR P < 0.05) in this comparison included 702 that were unique of which 407 had |Log 2 FC| < 1.0, 231 had |Log 2 FC| > 1.0 and < 2.0, and 64 had |Log 2 FC| > 2.0. In each of these categories, the greatest proportion of DEGs (78, 72, and 69%, respectively) showed lower expression (downregulation) in the F-line compared to the RBC2. Of the 702 unique DEGs, 377 mapped to the G. gallus-REFLIST gene set. Overrepresentation tests found significant enrichment for 67 GO terms in the Biological Process category (Table S3 ). The majority of the identified terms pertain to muscle function, development, and organization. Greatest enrichment was seen for de novo AMP biosynthetic process (GO:00,44208), skeletal muscle contraction (GO:0,003009), and skeletal muscle fiber development (GO:00,48741). Although many of the genes included in overrepresentation test have relatively small expression changes (Log 2 FC), the results suggest greater negative effects of cold-treatment on muscle growth in the F-line.
DISCUSSION
Evolutionarily conservation of basic physiological responses to thermal stress is logically hypothesized. Therefore, in differentially selected lines such as the F and RBC2, turkeys' expression differences in genes/pathways responding to thermal challenge could be expected to differ primarily in the degree of response. The most striking result of this study was the lack of common responses to thermal stress among the lines. We expected a cohort of genes to be shared among the between-line comparisons that would represent those constituently responding to thermal challenge, regardless of temperature treatment. However, only 1 DEG was shared between the lines and among treatments, REC8. The orthologous human gene is a member of the meiotic cohesion complex. Although muscle does not undergo meiosis, it does contain mitotic stem cells that are active in both developing muscle and in muscle regenerating in response to damage. The role of REC8 in this tissue is unclear, and the function clearly has yet to be fully elucidated.
Responses to Heat Stress
Although heat-stressed poultry reduce their feed intake (Ain Baziz et al., 1996; Lu et al., 2007) , cells still need an energy source. The downregulation of PLIN1 and ACACB seen in the RBC2 turkey poults is likely the result of increased use of stored lipid. In mammals, PLIN1 forms part of the lipid droplets in cells, and ACACB catalyzes the synthesis of malonyl-CoA that inhibits fatty acid oxidation. These changes would likely correlate to increased fatty acid oxidation and decreased lipid storage. However, it should be cautioned that these genes may not function the same in poultry as in mammals. For example, turkeys (and chickens) respond very differently to insulin than mammals (Wakil and Abu-Elheiga, 2008 ) and leptin in chickens may have a more localized activity (Seroussi et al., 2016) ; both of these genes indirectly influence ACACB expression or activity.
Both PLIN1 and ACACB proteins are substrates for phosphorylation associated with energy status. The protective effects of PLIN1 on adipose tissue fat droplets are obviated upon phosphorylation by protein kinase A following activation of the beta-adrenergic pathway. This could occur in heat-stressed animals that have reduced feed intake. Decreased abundance of PLIN1 is expected to increase lipolysis. Phosphorylation should also increase lipolysis by causing a conformational change in the protein structure that increases exposure of the lipid droplets to lipases. Reduced energy intake would similarly activate AMPK which phosphorylates ACACB, inactivating this enzyme and inhibiting lipid synthesis and as noted elsewhere, increasing lipolysis. ACACB and PLIN1 mouse knockout models are lean and studies suggested these mice were protected from obesity (Abu-Elheiga et al., 2001 Tansey et al., 2001 ). More recently, Olson et al. (2010) found that deletion of Acc2 (mouse ACACB) from skeletal muscle had no effect on body weight, food intake, or body composition. This indicates the possibility of metabolic compensation, at least in mice, to the loss of Acc2.
In addition to changes in energy metabolism, studies on heat stress often find changes in adiposity (Lu et al., 2007; Piestun et al., 2017) . In chickens, mutations in PLIN1 were correlated to differences in adiposity and carcass traits (Zhang et al., 2015) . However, Lu et al. (2007) found no change in muscle adiposity in their slower growing line of chickens and only a slight decrease in their fast-growing line. This study differed from the present study in that it examined chickens much closer to market age and thermally stressed for a longer period of time (week 5 to 8 post hatch). Piestun et al. (2017) used a post-hatch thermal challenge protocol more similar to the present study in examining heat stress in broiler chickens (a fast-growing commercial variety) and found an increase in the number of lipid-stained muscle cells in the pectoralis muscle at days 8 and 13 post hatch. This is opposite to what our RNAseq data might predict. This difference could be due to age differences or thermal stress protocol (longer, more variable) or to differences between turkeys and chickens. A parallel study of the same lines of turkeys by our group and collaborators found ACACB to be upregulated (Log 2 FC = 2.11) in proliferating muscle satellite cells (Reed et al., 2017a) . However, in differentiating RBC2 satellite cells under heat treatment (Reed et al., 2017b) , this gene was downregulated (Log 2 FC = -2.27). Differentiating cells likely behave more like whole muscle, but proliferating cells may be inhibiting the carnitine shuttle, as greater ACACB levels should produce more acetyl-CoA available for forming membranes of new satellite cells.
Another deleterious effect of heat stress is reduced growth, an effect that appears to be more apparent in fast-growing poultry lines (Ain Baziz et al., 1996; Lu et al., 2007) . The heat-treated fast-growing (F-line) turkey poults had several upregulated DEGs that in mammals inhibit growth. The E3 ligase NEDD4 has been associated with muscle atrophy and is also an inhibitor of IGF-1 growth signaling (Nagpal et al., 2012) . RASA1 is also an IGF-1 signal inhibitor (King et al., 2013) and both were upregulated in the HF comparison. Also upregulated in HF was the transcription factor SMAD2 that mediates the signaling of myostatin-a muscle growth inhibitor from the TGF-beta superfamily (Schiaffino et al., 2013) .
In addition to IGF-1 inhibition, NEDD4 is a part of the ubiquitination pathway and is only one of several ubiquitination-associated DEGs in this study. In mammals, ubiquitination is the process in which the small protein ubiquitin is covalently attached to the lysine residue of another protein. This ubiquitin "tag" can then be a signal for several other processes. The process of ubiquitination involves activation, conjugation, and ligation (Pickart, 2001) . These 3 steps are performed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s), respectively.
The most commonly discussed function of ubiquitination is protein degradation by the proteasome, but this is not the only outcome. In proteins with more than 1 lysine, the location of the ubiquitin or the number of ubiquitinated lysines can determine the result. In addition, ubiquitin itself has multiple lysine residues allowing for differently structured ubiquitin chains (Sadowski et al., 2012) . For example, poly-ubiquitin chains attaching to the 48th lysine (Lys-48) are the specific marker for proteasome degradation (Hill et al., 2016) . Single ubiquitin and ubiquitin chains can then be recognized by proteins with ubiquitin-binding domains (Ikeda et al., 2010) . Various forms of ubiquitination have been associated with DNA repair/DNA damage tolerance, regulation of histone function, gene expression, receptor endocytosis, proteasome degradation, kinase activation, and signal transduction. The different types of ubiquitination are catalyzed by different ligases (Sadowski et al., 2012) .
In this study, the heat-treated F-line had 5 ubiquitination-associated genes differentially expressed. These genes were upregulated with Log 2 FC > 6.0 in both F-line comparisons. As a regulatory protein, ubiquitin is found in almost all animal tissues and is "ubiquitously" expressed; it was not, however, differentially expressed in this comparison. Although the specific targets and downstream effects in turkeys are not known, the number of ubiquitin ligases and ubiquitinassociated genes suggests further study into the function of ubiquitination proteins in avian muscle, particularly under thermal stress is needed, as the capacity for ubiquitination appears to be greatly increased in these fast-growing birds.
The most upregulated DEG in this entire study was the ubiquitination gene UBE2R2 (turkey LOC100548372) with a Log 2 FC > 10.0 in the HF comparison, and >9.0 in the CF comparison. In mammals, this gene is a ubiquitin-conjugating enzyme and it forms lys-48 poly-ubiquitin chains which, as noted above, label a protein for proteasome degradation (Hill et al., 2016) . This very large change in expression may predict an increase in the level of protein degradation via the proteasome in fast-growing thermally stressed turkey poults, regardless of whether the stress was due to heat or cold. This was expected given the potential for muscle damage in thermally stressed birds.
In chickens, early heat exposure, not unlike the treatment in this study, can increase resistance to heat stress later in life (Loyau et al., 2013) . This early stress may also lead to increased muscle mass (Piestun et al., 2009) . In the present study, some of the DEGs seen in the F-line may help mediate these long-term responses. MBD2 (turkey LOC104916269, Log 2 FC = 6.53) is part of the methylation process. Although the specific targets of MBD2 are not yet known in turkeys, methylation could produce long-term effects by modulating gene expression (Barr et al., 2007; Menafra et al., 2014) . Several ncRNAs were differentially expressed in the heat-treated F-line turkeys. For example, the HF comparison of the present study shared 1 DEG (ncRNA locus, LOC104910702) with proliferating muscle satellite cells (Reed et al., 2017a) . Currently, the specific activity of this ncRNA is not known. This locus was downregulated in both studies (Log 2 FC = -2.40 and -2.66 , respectively). Interestingly, this same locus was also differentially expressed in the between-line heattreatment group comparisons of the hatchling muscle and the differentiating muscle satellite cells (Log 2 FC = -2.40 in muscle and -4.35 in differentiating cells) (Reed et al., 2017b) . Further investigation of ncRNAs in poultry is clearly needed.
Responses to Cold Stress
Homeotherms, like poultry, respond to cold ambient temperatures with increased catabolic metabolism. However, none of the DEGs seen in the coldtemperature treatment were directly associated with this effect. Only a single gene, SAA1, component of HDL, was significantly altered (downregulated in the CS comparison). This is important, however, as HDL is part of the system that circulates lipids throughout the body. Based on the DEGs found in the betweenline comparison, IPA predicted that the F-line would have increased concentration of cholesterol and triacylglycerol, and increased oxidation of long-chain fatty acids. Also predicted was a decrease in the concentration of lipids, fatty acids, and D-glucose ( Figure 6 ). These changes in small molecule biochemistry may be indirectly related to changes in catabolic metabolism.
Skeletal muscle is a major thermogenic organ (shivering and non-shivering thermogenesis) in birds and poultry appear to depend heavily on muscle to generate heat (Rowland et al., 2015) . One potential mechanism for skeletal non-shivering thermogenesis is the uncoupling of the proton gradient from ATP synthesis. Birds and other non-mammalian vertebrates lack thermogenic brown adipose tissue and the ubiquitous and brown fat-specific isoforms of UCP (UCP 1 and 2) (Mezentseva et al., 2008) . Cold-induced thermogenesis in brown adipose is mediated by UCPs which are mitochondrial inner membrane proteins that function as regulated proton channels or transporters (Bonet et al., 2017) . Poultry do have a UCP3 ortholog (avian uncoupling protein, avUCP), which is skeletal muscle and liver specific. The uncoupling activity of this protein may play a direct role in thermogenesis or a supportive role in minimizing oxidative damage, although these functions are not mutually exclusive (Rey et al., 2010) . Emre et al. (2007) posit that avUCP is a multifunctional protein with suggested activities that include uncoupling, decreases in free-radical production, regulation of lipid utilization and a K+/H+ activity. Thus, uncoupling may not be its main role, and the downregulation seen here reflects a physiological response related to a different activity.
Cold stress can lead to oxidative muscle damage Zhao et al., 2014) as evidenced by genes that respond to protein damage. In the F-line UBE2R2 (turkey LOC100548372) was massively upregulated (Log 2 FC > 9.0) and, as previously discussed, is specific to tagging proteins for proteasome degradation, allowing for breakdown of proteins damaged by oxidative processes (Hill et al., 2016) . Second, UCP3 (turkey LOC100303663) was downregulated (Log 2 FC = -2.61) in the F-line relative to the RBC2 line at the cold brooding temperature. This may reflect a difference in the stability of the 2 lines to tolerate thermal stress as UCP3 may play a role in reducing oxidative stress and generating heat (Rey et al., 2010) . Broilers exposed to thermal stress show decreased avUCP gene expression and protein abundance that may be associated with increased ROS production (Mujahid et al., 2006) . Is it reasonable to predict that the decreased UCP3 (avUCP) expression in cold-stressed, F-line birds might make also them more susceptible to ROS production and damage. Other antioxidants including glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and signaling molecules like interleukin 2 (IL-2) are also increased by cold stress (Zhao et al., 2014) . Understanding the response to thermal stress in avian muscle is an important aspect of understanding thermal stress as a whole.
Cold-stressed animals often show reduced growth compared to those reared under optimal temperatures (Faure et al., 2013) . The cold-treated fast-growing (F-line) poults showed downregulation of CHAC1 (Log 2 FC = -3.15, Table S2 ), a gene that in humans constrains cell proliferation by inhibiting Notch signaling (Chi et al., 2014) . This is in contrast to cold-stressed proliferating satellite cells from the F-line, that showed upregulation of CHAC1 (Reed et al., 2017a) , suggesting increased inhibition of Notch signaling and increased proliferation. The between-line comparisons of coldtreated proliferating satellite cells (Reed et al., 2017a) and live poults shared the DEG LOC104915725 [mitochondrial ribosome-associated GTPase 1-like] which was upregulated in both (Log 2 FC = 2.64 in proliferating cells and 2.93 in live poults). In mammals, this gene is involved in mitochondrial ribosome assembly (Barrientos et al., 2003) . They also shared LOC100548579 [myosin-7B-like (MYH7B)] that was downregulated in proliferating satellite cells (Log 2 FC = -2.41) but upregulated in the live poults (Log 2 FC = 2.56). Myosin is a contractile protein, the F-line grows larger muscle fibers than the RBC2 line, and therefore increased myosin is expected. Also, shared between studies as differentially expressed was MUC3A, downregulated in both coldtreated F-line poults and differentiating satellite cells (Log 2 FC = -4.98 and -6.22, respectively) (Reed et al., 2017b) . In humans, MUC3A is a transmembrane mucintype glycoprotein that is enhanced in the duodenum, gallbladder, and small intestine (Pratt et al., 2000) . The significance of this gene in muscle is unknown.
The cold-treated F-line poults showed downregulation of PDK4 (pyruvate dehydrogenase kinase, isozyme 4) compared to the slower growing RBC2 poults. PDK4 is of particular interest as it is dysregulated in turkeys with pale, soft, and exudative meat (Malila et al., 2014) . The encoded protein is located in the mitochondrial matrix and inhibits the pyruvate dehydrogenase complex. As a kinase it would phosphorylate the pyruvate dehydrogenase complex, inhibiting it, and thereby reduce the conversion of pyruvate produced from the oxidation of glucose and amino acids to acetyl-CoA (Tsintzas et al., 2007) . Expression of this gene in mammals is regulated by glucocorticoids, retinoic acid, and insulin (Kolobova et al., 2001 ) and affected by high-fat or highcarbohydrate diets. Interestingly, PDK4 functions to decrease metabolism and conserve glucose and is upregulated in mammals during hibernation (Andrews et al., 1998) .
Thermally challenged turkey poults appear to elicit a greater transcriptional response to heat than to cold. Behavioral adaptations likely provided an increased ability of the turkey poults to respond to cold. Thermoregulatory behaviors have been shown to significantly increase in cold-exposed hens (Henrikson et al., 2018) . Because the poults in the present study were brooded in groups, the cold-treated birds could respond by huddling and feather piloerection, in addition to responsive shivering and non-shivering thermogenic processes. To a lesser extent, the heat-treated poults could individually mitigate some of heat stress by moving to a cooler area of the brooder, by limiting movement and feeding and by panting.
Broadly speaking, in this study the slower growing RBC2 birds responded to thermal stress almost exclusively with lipid-related DEGs. Both temperature treatments suggested a reduction in lipid storage, transport, or synthesis, consistent with changes in energy metabolism required to maintain body temperature. In contrast, the fast-growing F-line responded to thermal stress through changes in genes (ubiquitination and gene expression modulators) that would influence the levels of other gene products downstream. The F-line showed changed in genes that are predicted to result in reduced muscle growth. The temperature differences among treatment groups in this study were only 4
• C warmer or colder relative to the standard brooding temperature. Temperature extremes during transportation of hatchlings from hatchery to grow-out facility may often be much greater, which in turn, will likely have greater effects on gene expression. This is the first to study to examine the effects of thermal challenge on gene expression in turkeys over the first 3 d following hatch. Our results suggest future directions for study, especially regarding ROS damage to muscle and changes in ubiquitinationrelated genes in the F-line which, as a fast-growing line, could have a similar response in commercial birds.
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